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DASS familyThe Na+-coupled dicarboxylate transporter, SdcL, from Bacillus licheniformis is a member of the divalent
anion/Na+ symporter (DASS) family that includes the bacterial Na+/dicarboxylate cotransporter SdcS (from
Staphyloccocus aureus) and the mammalian Na+/dicarboxylate cotransporters, NaDC1 and NaDC3. The
transport properties of SdcL produced in Escherichia coli are similar to those of its prokaryotic and eukaryotic
counterparts, involving the Na+-dependent transport of dicarboxylates such as succinate or malate across
the cytoplasmic membrane with a Km of ∼6 μM. SdcL may also transport aspartate, α-ketoglutarate and
oxaloacetate with low afﬁnity. The cotransport of Na+ and dicarboxylate by SdcL has an apparent
stoichiometry of 2:1, and a K0.5 for Na
+ of 0.9 mM. Our ﬁndings represent the characterization of another
prokaryotic protein of the DASS family with transport properties similar to its eukaryotic counterparts, but
with a broader substrate speciﬁcity than other prokaryotic DASS family members. The broader range of
substrates carried by SdcL may provide insight into domains of the protein that allow a more ﬂexible or
larger substrate binding pocket.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The divalent anion/Na+ symporter (DASS) family of secondary-
active transporters is an evolutionarily-related group represented in
all three kingdoms of life [18]. Members of this family (also referred
to as the SLC13 family in the human gene nomenclature) include
plasma membrane transporters that use the energy from the move-
ment of Na+ down its electrochemical gradient to transport a
variety of dicarboxylates and inorganic anions across the membrane
[12,15]. Functionally characterized mammalian proteins in the DASS
family include the Na+/dicarboxylate cotransporters NaDC1 and
NaDC3 [9,14], as well as the Na+/sulfate cotransporters NaS1 and
NaS2 [4,11].
Known crystal structures of secondary-active transport systems
are primarily from members of the major facilitator superfamily
(MFS), whose members transport a diverse range of substrates, and
these structures have helped to shed light on their fundamental
mechanism [10]. Studies of DASS family proteins have led to a detailed
understanding of their transport properties [15]; however, structural
information is limited due to the difﬁculties in purifying and
crystallizing these membrane proteins. To address this problem, we
have sought to identify bacterial homologs that could serve as models
for the structural analysis of the mammalian cotransporters in the
DASS family. Identiﬁcation and characterization of another DASS+1 858 822 5591.
ll rights reserved.family member may help in the development of a detailed mecha-
nistic model for how these proteins transport substrates across the
plasma membrane and would help to offer insight into the structural
organization of the proteins in this family. To date, two prokaryotic
Na+/dicarboxylate symporter proteins within the DASS family have
been cloned and functionally characterized, SdcS from Staphylococcus
aureus [5,6], and DccT from Corynebacterium glutamicum [29]. SdcS
and DccT have transport properties similar to those of their mam-
malian counterparts.
In this study, we have cloned and functionally characterized the
Na+/dicarboxylate symporter SdcL from Bacillus licheniformis. SdcL
shares 35% sequence identity with mammalian members of the
DASS family including the mammalian transporters NaDC1 and
NaDC3 and 55% sequence identity with the bacterial transporter
SdcS. SdcL also shares transport properties with its eukaryotic and
prokaryotic counterparts, transporting succinate, malate, and fuma-
rate in a Na+-dependent manner. Furthermore, our ﬁndings show
that aspartate, α-ketoglutarate, and oxaloacetate may serve as
potential substrates for SdcL. Finally, we have shown that SdcL
transport is dependent on the presence of sodium; no other cations
can be substituted for Na+. Our ﬁndings represent the characteriza-
tion of another prokaryotic protein of the DASS family with
properties similar to its eukaryotic counterparts, but with broader
substrate speciﬁcity than other functionally characterized prokary-
otic DASS family members. Structural studies of SdcL should offer
insight into the structural organization of mammalian proteins in
this family.
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2.1. Bacterial strains
Escherichia coli strain XL1-Blue (recA1 endA1 gyrA96 thi-1 hsdR17
supE44 relA1 lac[F′ proAB lacqZΔM15Tn10]) (Stratagene) was used for
all cloning steps. E. coli strain C41 (DE3) (F−ompT hsdSB(rB−mB−) gal
dcm (DE3)) (Lucigen) was used as a host for expression and function
of plasmid-encoded SdcL.
2.2. Cloning
The sdcL gene (GenBank accession numbers NC006270, locus
YP077725 and GQ214166) was ampliﬁed from B. lichenformis
genomic DNA (ATCC 14580) by PCR and cloned into plasmid pQE-
80L (bla lacIq) (QIAGEN) via restriction sites (BamHI and KpnI)
created with the following primers: 5′-AGTTTGGATCCAAATCAAGCG-
TTGTGTCAGCATG-3′ and 5′-GCTTCGGTACCTCAATTCGATTTCAGAT-
TGTCGG-3′ (restriction sites underlined). This recombinant plasmid
(pQE-80L/SdcL) encodes SdcL with an N-terminal mRGS(H)6GS
amino acid extension and places BL01772 expression under control
of a T5 promoter/lac operator element.
2.3. Preparation of washed cells
The pQE-80L/SdcL construct was transformed into E. coli C41 cells.
Overnight cultures of transformed E. coli C41 cells were diluted 1:100
to inoculate 60 ml yeast extract tryptone (YT) medium containing
50 μg/ml carbenecillin. Cells were grown at 37 °C until the OD660
reached 0.4–0.6. Isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to a ﬁnal concentration of 0.25 mM and cell growth was con-
tinued for another 2–3 h. The cells were harvested by centrifugation
at 2000 ×g for 15 min at 4 °C. The cells were washed twice with
100 mM Tris adjusted to pH 7 with MES (2-(N-morpholino)
ethanesulfonic acid) (Tris–MES), and resuspended in the same buffer
to a ﬁnal OD660 of ∼10. Cells were kept on ice until use in transport
assays on the same day.
2.4. Transport assays
Uptake of [14C]succinate by whole cells was measured using a
rapid ﬁltration assay [27] at room temperature. Chilled cells (in
100 mM Tris–MES, pH 7) were brought to room temperature. For the
assay, 90 μl of cells were placed in the bottom of a 5 ml polystyrene
tube (Falcon). Transport was initiated by adding 10 μl of tenfold
concentrated transport buffer to the cells with vortexing to produce a
ﬁnal concentration of either 5 mM NaCl/95 mM Tris–MES pH 7 or
100 mM Tris–MES pH 7 and 5 μM [14C]succinate. The reaction was
terminated after the appropriate time, usually 30 s, with 1 ml ice-cold
Tris–MES buffer, ﬁltered immediately through a Millipore ﬁlter
(0.45 μm pore size, type HAWP) with suction, and washed once
with 4 ml cold Tris–MES buffer. The radioactivity retained by the
ﬁlters was measured by liquid scintillation counting.
Sodium activation of succinate uptake was determined by
replacing Tris with Na+ up to a ﬁnal concentration of 10 mM in the
transport solution. Apparent kinetic constants (K0.5, Vmax) for sodium
activation were determined by ﬁtting initial transport rates (30 s) to
the Hill equation [v=(Vmax[S]n)/(K0.5n+[S]n), where n represents
the Hill coefﬁcient] using nonlinear regression analysis (SigmaPlot
10.0, Systat Software Inc.). Apparent kinetic constants for succinate
transport (Km, Vmax) were determined by ﬁtting initial transport rates
(30 s) to the Michaelis–Menten equation [v=(Vmax[S])/(Km+[S])]
using nonlinear regression analysis (SigmaPlot 10.0, Systat Software
Inc.). For experiments testing the inhibition of succinate transport by
potential dicarboxylate substrates, a ﬁnal concentration of 1 mM of
the test inhibitor was added together with 5 μM [14C]succinate in thetransport solution. In experiments testing the effect of different
monovalent cations, 5 mM sodium in the transport buffer was
replaced by chloride salts of either potassium, lithium, rubidium,
cesium, or triethanolamine (TEA) at 5 mM in the transport buffer
(5 mM cation/95 mM Tris–MES or 100 mM Tris–MES). For
experiments testing the effect of the pH of the transport solution on
succinate transport, transport solutions containing either 5 mMNaCl/
95 mM Tris–MES or 100 mM Tris–MES were prepared at pH 6.0, 6.5,
7.0, 7.5, or 8.0.
For experiments testing the effects of ionophores, 90 μl of cells
were preincubated for 10 min with 1 μl of ionophore stock solution
dissolved in 100% ethanol or ethanol alone. The ﬁnal concentration of
carbonyl cyanide p-triﬂuoromethoxylphenylhydrazone (FCCP) and
carbonyl cyanide m-chloro phenylhydrazone (CCCP) was 25 μM.
2.5. Counterﬂow experiment
The counterﬂow experiment was done with preloaded metabol-
ically poisoned cells, as described by Wong and Wilson [26]. Brieﬂy,
washed C41 cells were suspended in 100mM Tris/MES buffer, pH 7 to
OD660 ∼0.6. For each substrate to be tested, a 1 ml aliquot of cell
suspension was transferred to a 14 ml polystyrene round bottom tube
(Falcon 352051). The cells were centrifuged at 1000 ×g for 5 min,
then resuspended in 2 ml each of Tris/MES buffer (control) or 10 mM
test substrate in 100mM Tris/MES, pH 7. All resuspension buffers also
contained 10 mM sodium azide. The cells were incubated at room
temperature for 1 h, then centrifuged at 1000 ×g, 5 min. The
preloaded cell pellets were then placed on ice and warmed to room
temperature about 10 min before use. Counterﬂow was initiated by
adding 1 ml of [14C]succinate (∼5 μM) in 10 mM NaN3 and 5 mM
NaCl/95 mM Tris, pH adjusted to 7 with MES. The cells were quickly
resuspended with vortexing and pipetting. At time intervals between
15 s and 10 min, 100 μl aliquots of the cell suspension were applied to
a Millipore ﬁlter (0.45 μm pore size, type HAWP) with suction, and
washed once with 4 ml cold Tris–MES buffer. The radioactivity
retained by the ﬁlters was measured by liquid scintillation counting.
The transport ratio was calculated by dividing the transport activity in
cells preincubated with test substrate by the activity in control cells
incubated with buffer only.
2.6. Immunoblot analysis
Washed C41 cells were diluted with sample buffer (ﬁnal con-
centration: 50 mM Tris–HCl pH 7, 10% glycerol, 4% SDS, 2% β-
mercaptoethanol, 0.1 mg/ml Coomassie blue R-250), and heated in a
boiling water bath for 5 min. Proteins were separated by Tricine SDS-
PAGE with 7.5% (w/v) acrylamide and transferred to nitrocellulose
membranes as described [17]. Blots were incubated with 1:2000
dilution of mouse monoclonal antibody (RGS-His antibody, QIAGEN)
followed by 1:5000 dilution of horseradish peroxidase-conjugated
anti-mouse immunoglobulin G antibody (Jackson ImmunoResearch
Laboratories, Inc.). Antibody binding was detected with the Super-
signal West Pico chemiluminescent substrate kit (Pierce). Images
were captured with a Kodak Image Station 440CF.
2.7. Protein determination
The protein concentration of whole cells was measured using the
Bio Rad (Hercules, CA) protein assay kit according to the manu-
facturer's direction. The protein standard used was bovine plasma
γ-globulin.
2.8. Chemicals
Chemicals used were from Sigma-Aldrich. [14C]succinate (44 mCi/
mmol) and [14C]α-ketoglutarate (53 mCi/mmol) were fromMoravek
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mmol) were from Amersham Biosciences. [14C]fumarate (5.8 mCi/
mmol) was from Sigma.
3. Results
3.1. Cloning and functional expression
A bacterial homolog of the mammalian members of the DASS
family was identiﬁed by doing a protein versus protein similarity
search using the low-afﬁnity Na+/dicarboxylate cotransporter from
human kidney (hNaDC1) as a query. The search resulted in
identiﬁcation of the BL01772 gene from B. licheniformis, whose protein
product is ∼36% identical in sequence to hNaDC1. The gene encoding
BL01772 was renamed sdcL (for sodium/dicarboxylate symporter li-
cheniformis), and it encodes a protein product that contains 546
residues with a predicted molecular mass of 57.3 kDa. SdcL protein
has 55% sequence identity to DASS family member SdcS from S.
aureus, and ∼43% sequence identity to two DASS family members
from C. glutamicum, DcsT and DccT [23,29]. The sequence alignment of
these four bacterial DASS family members, obtained using the
ClustalX2 program, is shown in Fig. 1. Notable features of the SdcL
sequence include the additional amino acids at the N-terminus and
the conserved cysteine at position 480. The corresponding cysteine is
not required for function in SdcS [8].
SdcL expression in E. coli was optimized in initial pilot experi-
ments. Although our previous studies with SdcS were done using theFig. 1. Sequence alignment of SdcL with other bacterial DASS family members obtained using
represent amino acid residues that are conserved amongst all four proteins. The GenBank™
BAB97618 (DccT), and A4QAL6 (DcsT).BL21 strain, the expression of SdcL was higher in the C41 strain. The
C41 strain of E. coli is often used for overexpression of membrane
proteins without toxic inhibitory effects associated with expression
of membrane proteins using E. coli BL21 [13] and it also allows for
higher concentrations of inducer (IPTG) to be added to cultures
(thereby increasing overexpression of protein), while still maintain-
ing stable plasmid and viable cells [13]. We found that SdcL had
optimal protein expression and transport activity with a ﬁnal IPTG
concentration of 0.25 mM and with freshly transformed cells rather
than freezer stocks (not shown). SdcL had the highest transport
activity when Tris/MES was used as the resuspension and assay
buffer compared with CholineCl/MOPS and HEPES/Tris (not shown).
There was often high background succinate transport in C41 cells
transformed with plasmid pQE-80L, which was also observed in non-
induced cells transformed with pQE-80L/SdcL. This background
transport was sodium-independent, insensitive to the presence of
glucose in the medium, and was higher in cultures grown above
OD660 ∼0.2 (not shown). Therefore, the transport assays in this study
examined the sodium-dependent transport activity of SdcL deter-
mined from the difference between uptakes in the presence and
absence of sodium.
A Western blot of IPTG-induced C41 cells transformed with
plasmid pQE-80L or pQE-80L/SdcL is shown in Fig. 2. The protein
band corresponding to 42 kDa illustrates that histidine-tagged SdcL is
expressed only in cells housing plasmid pQE-80L/SdcL. The fast
migration of SdcL is likely due to its hydrophobic nature, which can
result in apparent molecular mass lower than that predicted from theClustalX (EMBL-EBI) with default parameters using Gonnet matrix. The shaded regions
accession numbers of the protein sequences are GQ214166 (SdcL), BAB58078 (SdcS),
Fig. 2. Western blot of whole cells. Lane 1: molecular mass standards. Lane 2: C41
housing the pQE-80L vector (17 μg). Lane 3: C41 housing pQE-80L/SdcL grown with
IPTG (6.5 μg). Proteins were detected using the RGS-His antibody (QIAGEN), a
monoclonal antibody directed against the N-terminal histidine tag. Some lanes have
been removed between the standards and image lane 2.
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membrane transport proteins [7].
3.2. Time course of succinate uptake
The time course of [14C]succinate uptake (Fig. 3) was measured in
whole cells expressing SdcL in the presence and absence of 5 mMNa+
in the transport buffer. Transport activity in cells in the presence of
Na+was signiﬁcantly higher than the activity of cells in the absence of
Na+. Succinate accumulation reached a peak between 1 and 5 min,
then decreased toward equilibrium by 30 min. In the absence of
sodium there was no overshoot in succinate accumulation and the
intracellular concentration gradually approached equilibrium over
time (Fig. 3). The linear range of transport measured in the presence
of Na+ in the transport buffer was in the ﬁrst 60 s. For subsequent
studies, 30 second time points were measured as estimates of initial
rates.
3.3. Substrate speciﬁcity of SdcL
Analysis of substrate preference of SdcL was carried out by mea-
suring the sodium-dependent uptake of the following test substrates:Fig. 3. Time course of succinate transport in SdcL. Transport of 5 μM [14C]succinate was
measured in transport buffer containing 5 mM Na+ or 5 mM Tris (0 mM Na+) in whole
cells of E. coli (C41 strain) expressing SdcL. Results are presented as themean±range of
duplicate measurements from a single whole cell preparation.succinate, malate, fumarate, α-ketoglutarate and citrate (Fig. 4A).
The transport activity with succinate and malate was similar,
whereas fumarate transport activity was approximately 50% of that
of succinate. The activity with α-ketoglutarate was about 3% of
succinate transport but signiﬁcantly higher than background, and
there was no detectable transport of citrate. Further analysis of
substrate speciﬁcity was carried out by measuring the rate of 5 μM
[14C]succinate transport in the presence of 1 mM non-radioactive
test substrates (Fig. 4B): succinate (molecular formula C4H6O4),
fumarate (C4H4O4), oxaloacetate (C4H4O5), malate (C4H6O5), aspar-
tate (C4H7NO4), glutamate (C5H9NO4), citrate (C6H5O7), and adipate
(C6H8O4). The results conﬁrmed succinate, malate, and fumarate as
substrates for SdcL. SdcL-mediated succinate transport was also
inhibited by oxaloacetate, aspartate and α-ketoglutarate but not by
adipate, citrate or glutamate. The results of the inhibition experi-
ments suggest that oxaloacetate, aspartate and α-ketoglutarate may
be substrates for SdcL that are carried with much lower afﬁnity than
succinate or malate.Fig. 4. Substrate speciﬁcity of SdcL. (A) Substrate replacement. Rates of Na+-dependent
SdcL transport activity were measured in solutions containing ∼5 μM [14C] labeled
substrates (succinate, malate, fumarate, α-ketoglutarate or citrate) in whole cells of E.
coli (C41 strain) expressing SdcL as described in Methods. The results are normalized to
succinate transport activity from the same cell preparation. The transport of α-
ketoglutarate was low but signiﬁcantly above background, whereas there was no
measurable transport of citrate. The results shown are the mean±SEM (n=3–5
experiments). (B) Substrate inhibition. The Na+-dependent succinate transport activity
(∼5 μM [14C]succinate) was measured in the presence or absence of 1 mM test
inhibitors in whole cells of E. coli (C41 strain) expressing SdcL. The results shown are
the mean±SEM (n=3–4 experiments), normalized for transport in the absence of
inhibitor.
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ﬂow experiments (Fig. 5). Metabolically poisoned C41 cells expres-
sing SdcL exhibited transient increases in [14C]succinate
accumulation after preloading with succinate, malate, α-ketogluta-
rate, aspartate and oxaloacetate. Control cells preincubated with
buffer and NaN3 only showed a gradual increase in [14C]succinate
accumulation but no overshoot. This result provides veriﬁcation that
oxaloacetate, aspartate and α-ketoglutarate are likely to be sub-
strates of SdcL. Note that we have no information on the intracellular
concentrations of the test substrates after preloading which limits the
comparison between substrates.
The kinetics of succinate and malate uptake in SdcL from the
same washed cell preparation is shown in Fig. 6. At ﬁxed Na+
(5 mM) concentrations in the transport buffer, the apparent afﬁnity,
Km, for succinate was 5.2 μM and the Vmax was 466 nmol/mg min
and the kinetic constants for malate were: Km, 6.4 μM and Vmax
515 nmol/mg min (Fig. 6). In three experiments, the mean Km for
succinate was 6.6±0.4 μM (mean±SEM) and the Km for malate was
7.1±0.8 μM.3.4. Cation speciﬁcity of SdcL
Our previous study showed that SdcS from S. aureus is capable of
transporting succinate in the presence of either sodium or lithium,
and possibly also protons [5]. Therefore, the cation speciﬁcity of
SdcL was analyzed. As shown in Fig. 7A, SdcL is very speciﬁc for
sodium; replacement of sodium with other cations reduced trans-
port activity to background levels. The pH dependence of SdcL
was compared in the presence and absence of 5 mM Na+ (Fig. 7B).
There were no statistically signiﬁcant differences in the sodium-
dependent, or -independent transport of succinate in SdcL at diffe-
rent pH values.
The activation of succinate transport by sodium in SdcL is shown in
Fig. 8. Preliminary experiments showed that SdcL transport is
inhibited at Na+ concentrations higher than 10 mM (not shown);
therefore, Na+ concentrations less than 10 mM were used for the
assay. The resulting activation curve was sigmoidal with a Hill
coefﬁcient of 2.09, suggesting that multiple Na+ ions are involved inFig. 5. Counterﬂow of [14C]succinate in SdcL driven by non-radioactive substrates. E.
coli (C41 strain) expressing SdcL were poisoned with 10 mM NaN3 and preincubated
with 10 mM test substrate (or buffer alone, controls). The cells were pelleted by
centrifugation and were kept on ice until use. Counterﬂow was initiated by quickly
suspending the cell pellets in solution containing [14C]succinate. The transport
activity is expressed as a ratio of activity after preloading with test substrate com-
pared with buffer-incubated controls. The results shown are the mean±SEM, n=3
experiments.
Fig. 6. Kinetics of sodium-dependent succinate and malate transport by SdcL. Initial
rates (30 s) of Na+-dependent [14C]succinate (A) or [14C] malate (B) transport was
measured in the same preparation of whole cells of E. coli (C41 strain) expressing SdcL.
The data shown are means±range of duplicate measurements from a single whole cell
preparation. For succinate, the Km was 5.2 μM and the Vmax was 466 nmol/mg min and
for malate, the Km was 6.4 μM and the Vmax was 515 nmol/mg min.succinate transport. The K0.5 for Na+ was 0.85 mM, indicating a
strong afﬁnity of SdcL for Na+. In a second experiment, the Hill co-
efﬁcient was 2.06 and the K0.5 for Na+ was 0.79 mM (not shown).
Thus, it is likely that at least two Na+ cations are involved in the
transport of succinate in SdcL. This result is consistent with the
ﬁndings of studies of other bacterial DASS family transporters inc-
luding SdcS [5] and DccT [29], which also showed sigmoidal Na+
activation curves.3.5. Effect of ionophores on succinate uptake in SdcL
Ionophores were used to examine the effects of chemical and
electrical gradients of ions on the transport activity of SdcL (Fig. 9).
FCCP and CCCP are protonophores that can uncouple oxidative
phosphorylation by dissipating the transmembrane H+ gradient
across the inner mitochondrial membrane [19], and they produce
changes in both pH and membrane potential. SdcL-mediated
Fig. 7. Cation speciﬁcity of SdcL. (A) Initial rates (30 s) of 5 μM [14C]succinate transport
were measured in the presence of 5 mM cation (as chloride salts) with 95 mM Tris–
MES, pH 7 in whole cells of E. coli (C41 strain) expressing SdcL. The results shown are
data from two independent experiments, normalized to the transport value measured
in the presence of NaCl, and are reported as the mean±range. (B) Effect of pH on
succinate transport by SdcL. Initial rates (30 s) of 5 μM [14C]succinate transport were
measured in the presence of transport buffer containing 5 mM Na+ or 5 mM Tris
(0 mM Na+) at different pH values in whole cells of E. coli (C41) strain expressing
SdcL. The results are normalized to succinate transport activity in Na+ at pH 7 from the
same cell preparation. The results shown are the mean±SEM, n=4 independent
experiments.
Fig. 8. Sodium activation of succinate transport. Initial rates (30 s) of 5 μM [14C]
succinate transport were measured in whole cells of E. coli (C41 strain) expressing SdcL
in an assay buffer containing 0–10 mM Na+/90 mM Tris–MES pH 7 (Na+ was replaced
by Tris). The results shown are the means±SEM of triplicate measurements from a
single whole cell preparation.
Fig. 9. Effects of ionophores on SdcL transport. Initial rates (30 s) of transport in whole
cells of E. coli (C41 strain) in the presence of ionophores (FCCP, CCCP) were measured
as described in Methods. Transport activity was expressed as a percentage of controls
the absence of any ionophore. The data shown are means±SEM (n=4 experiments).
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resulted in inhibition of succinate transport. Succinate uptakes in
the presence of FCCP were reduced to 42% of uptakes without FCCP,
and uptakes in the presence of CCCP were reduced to 63% of
uptakes without CCCP. Experiments were also done with the K+
ionophore, valinomycin and prior permeabilization of the bacterial
cell wall by EDTA [1]. However, the results were inconclusive: in
one experiment there was a stimulation of transport with
valinomycin but in two experiments there was no change (results
not shown).
4. Discussion
The divalent anion/Na+ symporter (DASS) family of secondary-
active transport systems contains plasma membrane transporters
that use the energy from the movement of Na+ down its elec-
trochemical gradient to drive concentrative transport of a variety
of dicarboxylates and inorganic anions across the membrane. In
this study, we have characterized a new DASS family member, the
Na+/dicarboxylate symporter from B. licheniformis, named SdcL.
We found that SdcL was very similar to other bacterial Na+/
dicarboxylate symporters, with 55% amino acid sequence identity
with SdcS from S. aureus, and 43% sequence identity with DcsT and
DccT from C. glutamicum [29]. Many of the transport properties are
similar between SdcL and the other bacterial Na+/dicarboxylate
symporters. However, the substrate proﬁle of SdcL is broader than
that of SdcS or DccT and thus resembles the broader substrate
speciﬁcity of the mammalian members of the family, such as NaDC1
and NaDC3.
We characterized SdcL using a transport assay in whole cells of
E. coli. The SdcL transporter was found to exhibit many of the
functional properties characteristic of mammalian and bacterial DASS
family members. Succinate uptake kinetics by SdcL exhibited an
apparent Km for succinate of 6 μM, very similar to the Km value of
6.6 μM reported for SdcS [5]. SdcL also mediated the transport of
malate (Km of 7 μM) and fumarate but did not transport citrate, similar
to SdcS as well as the functionally characterized C4-dicarboxylate
transporter DccT [29]. In contrast to the substrate selectivity of SdcS,
SdcL-mediated succinate transport was inhibited in the presence of
excess oxalaoacetate, aspartate, and α-ketoglutarate. Counterﬂow
experiments veriﬁed that these substrates can stimulate uptake of
[14C]succinate. These substrates differ from the normal four-carbon
dicarboxylate structure; oxaloacetate contains an additional keto-
group at the C-2 position, α-ketoglutarate is similar to oxaloacetate
but contains a ﬁve carbon backbone rather than four, and aspartate
contains an amino group at the C-2 position. There was no inhibitory
effect of glutamate, containing an amino group at the C-2 position and
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backbone. Citrate, with an additional −CH2CO2− at the C–2 position
compared with succinate, was also not a substrate of SdcL, similar to
the previously published work on SdcS [6]. Therefore, one key
difference between SdcS and SdcL is the interaction of SdcL with
larger substrates such as oxaloacetate, α-ketoglutarate and aspartate,
which resembles the substrate speciﬁcity of the mammalian mem-
bers of the DASS family, NaDC1 and NaDC3. NaDC1 and NaDC3,
generally have broad substrate speciﬁcities and will handle larger
substrates, but they differ in their relative afﬁnity for substrates
[3,28]. However, unlike the bacterial DASS family members, NaDC1
and NaDC3 transport citrate. Substrate differences within the DASS
family imply that the binding pockets of these transporters have
deviated enough to accommodate molecules other than the substrate
succinate.
The transport activity of SdcL is dependent on the presence of
sodium. This is consistent with studies of functional characteriza-
tion of other sodium-coupled dicarboxlyate transporters of the
DASS family [5,6,15,29]. At low salt concentrations (5 mM),
addition of Na+ stimulated succinate transport by SdcL, a result
consistent with studies done on SdcS [5]. Higher concentrations of
Na+ (N10 mM) inhibited SdcL transport activity, also similar to
ﬁndings with SdcS [5]. The inhibition by high sodium concentra-
tions has been observed in whole cells of E. coli expressing Tyt1
and SdcS, but not in proteoliposomes, suggesting that a protein in
the E. coli membrane mediates the effect [5,6,20]. One key
difference between SdcL and SdcS is that SdcL transport activity
was not stimulated by the presence of Li+. Succinate transport by
SdcS can be stimulated by either Na+ or Li+, with a K0.5 for Li+ at
least 10-fold greater than that found for Na+ [5]. The vertebrate
DASS family members also have a higher afﬁnity for Na+ than Li+,
and can use Li+ to drive succinate transport at a reduced rate
[2,16]. The Hill coefﬁcient of 2.1 for SdcL is consistent with a
coupling stoichiometry of two Na+ ions per dicarboxylate
transported, a result also similar to studies of SdcS [5,6]. This
would predict that transport by SdcL is electroneutral, although
studies using ionophores were inconclusive. The inhibition of
transport by FCCP and CCCP is consistent with either an
electrogenic mechanism or a proton-coupled transporter; however,
there was no effect of medium pH on transport and the results
with valinomycin were not consistent. The FCCP/CCCP results
could also be explained by an effect of the ionophores on the Na
+/H+ antiporters, which would then affect the transmembrane
sodium gradient.
The source of SdcL, B. licheniformis, is a gram-positive bacterium
commonly found in soil, and it is extensively used in industry to
produce secreted enzymes [21,22]. It is likely that the dicarboxylates
absorbed with SdcL are metabolized to provide energy for the
secretory functions of the bacterium. Many strains of B. licheniformis
are moderate thermophiles, with preferred growth temperatures
around 50 °C [25] and strains that grow at lower temperatures,
including DSM13 (used in this study), also produce thermostable
proteins [24]. The increased protein stability should be beneﬁcial for
future studies involving puriﬁcation and crystallization of membrane
proteins. SdcL does appear to have higher activity at increased
temperatures; SdcL expressed in E. coli membrane vesicles had a
larger stimulation of transport activity between 22 °C and 37 °C
compared with SdcS (results not shown).
In conclusion, we have characterized the function of SdcL protein
after heterologous expression in E. coli. The results show that SdcL
shares similar properties with other bacterial DASS family members
including the Na+-coupled C4-dicarboxylate symporters SdcS from S.
aureus and DccT from C. glutamicum, with some key differences that
we have highlighted in this study. The most notable of these
differences are in substrate and cation speciﬁcity. Both SdcS and
DccT have been shown to catalyze the transport of C4-dicarboxylicacid intermediates of the Citric Acid Cycle including succinate, malate,
and fumarate; DccT may also transport oxaloacetate [29]. In contrast,
SdcL appears to interact with oxaloacetate, aspartate, and α-
ketoglutarate, suggesting that they are potential substrates. SdcL
transport is strictly dependent on the presence of Na+, and other
cations do not substitute for Na+. This is in contrast with SdcS and
other vertebrate DASS family members, which can transport succinate
when other cations such as Li+ are present. SdcL marks another
prokaryotic member of the DASS family that also retains transport
properties similar to those of the mammalian members of this family.
Thus, the ﬁndings in this study suggest that SdcL can serve as a
bacterial model for studying the structural and functional properties
of eukaryotic members of the DASS family.
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